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Abstract not available for JP2005501240T 
Abstract of corresponding document: WO03019109 
The invention comprises methods and apparatus 
(10) for reducing sub-harmonic cyclic errors by 
rotating by a small angle (0) an interferometer or 
elements thereof (45). The rotation of the 
interferometer or selective elements thereof (45) 
introduces a corresponding small angle between 
a sub-harmonic type spurious beam that 
subsequently interferes with either the reference 
or measurement beam so that the fringe contrast 
of the interference terms between the 
subharmonic spurious beam and either the 
reference or measurement beam is reduced by a 
required factor for a given use application thereby 
reducing nonlinearities in the phase signal. 
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TTTLB TILTED INTERFERONIETER 



BACKGROUND OF THE INVEWTION 

This Invention in general relates to inteiferometefs. e.g.. displacement 
measuring and dispersion interferometers that measure displacements of a 
measurement object such as a mask stage or a wafer stage in a lithography scanner 
or stepper systera and also Interferometere that monitor wavelength and determine 
intrinsic properties of gases. More particularly, it relates to optica) means t)y which 
cyclic errors that would otherwise t>e present in the signals generated in such 
Interferometers can be acceptably reduced or sutistantialiy elirrnnated. . 

Displacement measuring interferometers monitor changes in the position and 
orientation of a measurement ol)ject relative to a reference object based on an optical 
interference signal. The interferometer generates the optical interference signal by 
overlapping and interfering a measurement beam reflected from the measurement 
object with a retiefenoe beam reflected from the reference object. 

(n many applications, the measurement and reference beams have orthogonal 
polarizations and different frequencies. The different frequencies can be produced, 
for example, by laser Zeeman splitting, acousto-opticai modulation, or internal to the 
laser using birefringent elements, or the lil<e. The orthogonal polarizations allow a 
polarizing beam splitter to direct the measurement and reference beams to the 
njeasurement and reference objects, respectively, and combine the reflected 
measurement and reference beams to fomi overtapping exit measurement and 
reference beams. The overlapping exH beams form an output beam that subsequently 
passes through a polarizer. The polarizer mixes polarizations of the exit 
measurement and reference beams to form a mbced optical beam. Components of 
the exit measurement and reference beams in the mbced optical beam interfere with 
one another so that the intensity of the mb(ed beam varies with the relative phase of 
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the exit measurement and reference tieams. A detector measures the time- 
dependent intensity of the mixed beam and generates an electrical interference signal 
proportional to that Intensity. When the measurement and reference beams have 
different frequencies, the electrical Interference signal Indudas a "heterodyne" signal 

i having a t)eat frequency equal to the difference tietween the frequencies of the ent 
measurement and reference beams. If the lengths of the measurement and reference 
paths are changing relative to one another, e.g.. by translating a stage that indudes 
the measurennent object, the measured beat frequency indudes a Doppler shift equal 
to 2vnpL/X, where v is the relative speed of the measurement and reference 

10 objects, X is the wavelength of the measurement and reference beams, n is the 
refractive index of the medium through which the light beams travel, e.g., air or 
vacuum, and p is the number of passes to the reference and measurement objects. 
Changes In the relattve position of the measurement ot^ect conespond to changes in 
the phase of the measured interference signal, with a 2r phase change substantially 

IS equal to a distance change I of X/(Ap), where L b a round-trip distance change, 
e.g.. the change in distance to and from a stage that Includes the measurement 
object 

Unfortunately, this equality is not always exact. Many interferometers indude 
nonllnoaritles such as those known as "cydic errors" The cydic errors can be 

20 expressed as contributions to the, phase and/or the Intensity of the measured 
interference signal and have a sinusoidal dependence on the change in optical path 
length pnkL. In particular, the first order cyclic error in phase has a sinusoidal 
dependence on (2npnL)/X and the second order cydic error In phase has a 
anusoidal dependence on {2npnL)/X.. Higher order cydic errars can also be 

25 present 

Cydic errors can be produced by "beam mixing.' in which a portion of an input 
beam that nominally fomris the reference beam propagates along the nwasurement 
path and/or a portion of an input beam that nominally fonns the measurement beam 
propagates along the reference path. Such beam mixing can be caused by elltptldty 
30 in the polarizations of the input beams and Imperfecbons in the interferometer 
components, e.g.. imperfedions in a polarizing beam splitter used to direct 
orthogonally polarized input beams along respective reference and measurement 
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paths. Because of beam mbdng and the resultir^ cydic errors, there Is not a strictly 
linear relation l)etween changes in the phase of the measured interference signal and 
the relative optical path lengt^ pnL , between the reference and measurement paths, 
tf not compensated, eliminated or acceptably reduced, cyclic errore caused by beam 
5 mixing can bmit the accuracy of distance changes measured by an interferometer. 
Cydic enors can also be produced by impeifectjons in transmissivs surfaces that 
produce undesired multiple reflections within the Interferometer and imperfections in 
components such as retroreflectors and/or phase retardation plates that produce 
undesired eliiptidties in beams in the interferometer. For a general reference on the 

10 theoretical cause of cydic error, see, for example. C. W. Wu and R. D. Oesiattes. 
"Analytical modelling of the periodic nonDnearity n heterodyne interfierometry," 
Applied Optics, 37, 6696-6700. 1998. 

In dispersion measuring applications, optical path length measurements are 
made at multiple wavelengths. e.g.. 532 nm and 1084 nra and are used to measure 

15 disperston of a gas in the measurement path of the distance measuring 
interferometer. The dispersion measurement can be used to convert the optical path 
length measured by a distance measuring Interferometer into a physical length. Such 
a converston can be Inrtportant since changes in the measured optical path length can 
be caused by gas turtnilence and/or by a change in the average density of the gas In 

20 the measurement arm even ttraugh ttte physical distance to the measurement object 
is unchanged. In addition to the extrinsic dispersion measurement, the conversion of 
the optical path length to a physical length requires knowledge of an intrinsic value of 
the gas. The factor r is a suitable intrinsic value and is the redprocat dispereive 
povver of the gas for the wavelengths used in the dispersion interfierometfy. The 

25 factor r can be measured separately or based on literature values. Cydic errors In 
the interferometer also contribute to dlspereion measurements and measurements of 
the factor r . In addition, cydic enors can degrade interferometric measurements 
used to measure and/or monitor the wavelength of e beam. 

S^tems and methods have been provided for identifying, quantifying and 

30 compensating for cydic errors as, for example, those described in United States 
Patent No. 6.246,481 issued on June 12, 2001 in the name of Henry A, Hill for 
-SYSTEMS AND METHODS FOR QUANTIFYING NONLlNEARmES IN 
INTERFEROMETRY SYSTEMS." Such systems and methods rely on the 
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implementation of various algorithms via high speed electmnics to operate. 

Acoordingly. it is a primary object of ttie present vivention to pruvidB a simple 
optical solution for 5ut>stantially eliminating and/or reductrtg cydic errors in 
interferometer systems. 

It Is another object of the present invention to provide an optical solution to the 
elimination and/or reduction of cydic errors in interfarometer systems to ralleve the 
burden that would othenwise be placed on associated electronics. 

It is still another object of the present invention to provide an optical solution to 
the eBmination and/or reduction of cydc errore to reduce the accuracy or 
requirements imposed on the various components of interferometry systems. 

Other objects of the invention wfll, in part, be obvious and will. In part, appear 
hereinafter when the description to follow is read in conjunction with the drawings. 

SUMMARY OF THE INVENTION 

The invention comprises methods and apparatus for reducing subharmonic 
cydic errors by rotating by a small angle an interferometer or elements thereof. The 
rotation of the interferometer or selective elements thereof introduces a corresponding 
sman angle between a subhamnontc type spurious beam that sidtsequenHy Interferes 
with either the reference or measurement beam so that the fringe contrast of the 
interference tenns between the subharmonic spurious beam and either the reference 
or measurement beam is reduced by a required factor for a given use application 
thereby redudng nonlinearities in the phase signal. A subhamionic type spurious 
beam is one that results in a subharmonic cydic error if not othenvise compensated or 
eliminated. 



BRIEF DESCRIPnOW OF THE DRAWINGS 

The structure, operation, and methodology of the invention, together with other 
objects and advantages thereof, may best be understood by reading the detailed 
descr^tion in coi^unction with the drawings in which each part has an assigned 
numeral that identifies it wherever it appears in the various drawings and wherein: 

Fig. 1 is a diagranvnatic plan view of a differential plane mirror interferometer 
(DPMI) system of the type In which cydic errors may be present; 
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Fig. 2 is a graph showing diagrammatically how the phase signal tn a distance 
measuring interferometer (DM!) may change with measured distance when at least 
one source of cydic error Is present having periodic characteiistics; 

Rg. 3 Is a graph of the square root of the power spectrum of the detector 
5 signal which Includes at least one undesirable cyclic error term; 

Rgs. 4 through 11 are diagrammatic illustrations of stage mirror dependent 
cydIc errors that can be present in a high stability plane mirror Interfisrometer 
(HSPMI): 

Figs. 12 through IS are diagrammatic Ihistrations of stage mirror dependent 
10 cycSc errors that can be present in the HSPMI of Figs. 4 through 11 when the exit 
nurror of laser is optlcalty aligned with another corrugate surface in the interferometen 

Figs. 16 and 17 are diagrammatic illustrattons of birefringence dependent 
cyclic errors that can be present in the HSPMI of Figs. 4 through 15; 

Fig. IB shows the DPMI system of Rg. 1 with various components tilted to 
15 sut>stantia])y eliminate and/or reduce cydic errors; 

Fig. 19 Is a graph similar to that of Fig. 3 iDustrating the removal of significant 
cycfic errors as a result of tilting various components of the DPMI as shown in Fig. 18; 

Fig. 20 Is a diagramniatic representation of a solution for the substantial 
elimination of subharmonic cydic errors by tOting the HSPMI Interfensmeter appearing 
20 In Figs. 4 through 17; 

Fig. 21 Is a diagrammatic representation of another sdution for the substantial 
eOmlnation of subharmonic cydic errors by tilting certain elements of the HSPMI 
interferometer appearing in Figs. 4 through 17; 

Figs. 22-25 relate to lithography and Its appDcation to manufacturing 
25 Integrated drcuits wherein Fig. 22 is a schematic drawing of a lithography exposure 
system employing the mterferometry system; 

Figs. 23 and 24 are flow charts descrying steps in manufacturing integrated 
drcuits; and 

Rg. 25 Is a schematic of a beam writing system employing the Interferometry 
30 system. 
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DETAILED DESCRIPTION OF THE INVENTION 
The present invention generally relates to apparatus and methods for reducing 
subharmonic cycfic errors by rotating or tilting by a small angle en interferometer or 
elenients thereof. The rotation of the interferometer or selective elements thereof 

s introduces a oorresponding small angle between a subharmonic type spurious beam 
that subsequently interferes with either the reference or measurement beam so that 
the fringe contrast of the interference terms between the subharmonic spurious beam 
and either the refersnos or measurement beam is reduced by a required factor for a 
given use application thereby reducing nonlinearities In the phase signal. 

10 A subharmonic type spurious beam is one that results in a sut^nnontc cydic 

error if not otherwise compensated or eliminated. As will be seen, cydic errors may 
be generated in commonly used interferometer systems by. (1) polarization mixing In 
laser source; (2) polarization mixing in interfierometers; (3) retardation plate optical 
effects; (4) stage mirror optical effects; (5) ghost reflections; (6) nonlinearttles In 

IS analog circuits; (7) aliasing in digital electronics: and (6) electronic mixing. The two 
potential types of cycfic errors with which the present invention is concerned comprise 
stage mirror orientation dependent cycCc errors and stage mirror orientation 
independent cydic errors. To understand how such cydic errors can arise, a typical 
DPMI wID first be described having a phase signal containing at {east one cydic error 

20 component Then the square root of the signal power spectrum out of the DPMI 
detector will be shown to illustrate cydic errors in the detector signal. This will be 
followed by Illustrations of various types of cydic en^or contributors along with their 
magnitudes. Finally, the inventive solution for substantially efiminatlng and/or 
acceptably reducing cyclic errors will be described. 

25 Reference wKI now be made to Fig. 1 which shows a differential plane mirror 

interferometer (DPMI) system 10. System 10 comprises a source 12, polarizing beam 
splitter 16. and reflector 20. Source 12 generates a beam 14 comprisvig two 
orthogonally polarized components having a difference in frequencies. /. A source 
of input beam 14 such as a laser can be any of a variety of frequency modulation 

30 apparatus and/or lasers. For example, the laser can be a gas laser, ag., a HeNe 
laser, stabilized in any of a variety of conventional techniques known to those skilled 
In the art. see for example, T. Baer et a/.. "Frequency StabiibEation of a 0.633 iim He- 
Ne-tongitudinal Zeeman Laser,* AppSed OpScs, 19. 3173^3177 (1980); Burgwaid et 
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a/., U.S. Pat. No. 3,689.207, tssuad June 10, 1975; and Sandstrom etai.. U.S. Pat 
No. 3,662,279, issued May 9. 1972. Alternatively, the laser can be a dioda laser 
frequency stabilized In one of a variety of convenQonal techniques known to those 
skDIed In the art, see for example. T. Okoshl and K. Klltuchl. "Frequency Stabilization 

5 of Semksnductor Lasers for Heterodyne-type Optical Convnunlcation Systems.* 
Bednnkt Letters, 16. 179-181 (1980) and S. Yamaqguchi and M. Suzuki. 
-Slnu^neous StabtDzation of the Frequency and Power of an AIGaAs Semtoondudor 
Laser by Use of the Optogalvanic Effect of Krypton." IEEE J. Quantum Bectronics, 
QE-19. 1514-1519 (1983). 

10 Two optical frequendes may be produced by one of the following techniques: 

(1) use o( a Zeeman split laser, see for example. Bagley et aL, U.S. Patent No. 
3,458.259. Issued July 29. 1G69; G. Bouwhuis. Mnterferometrie Mit Gaslasers,' f^. 
T. NatLurlc. 34. 225-232 (Aug. 1968): Bagley et al„ U.S. Patent No. 3,656,853, issued 
April 18. 1972; and H. Matsumoto. 'Recent interferometric measurements using 

15 stabiUzed lasers." Precision Engineering. 6(2). 87-94 (1984); (2) use of a pair of 
acousto^ptical Bragg cells, see for example. Y. Ohtsuka and K. Itch, TwtMtequency 
Laser Interfanometer for Small Displacement Measurements In a Low Frequent 
Range; Applied Qptfcs, 16(2), 219-224 (1979); N. Massie et el., "Measuring Laser 
Row Fields With a 64-Channel Heterodyne Interferometer.' Ap/^ied Optics, 22(14). 

20 2141-2151 (1S83): Y. Ohtsuka and M. Tsubokawa. 'Dynamic Two^uency 
Interferometry for Small Displacement Measurements." Opffcs and Laser Technology, 
16. 25-29 (1984); H. Matsumoto, ibid.: P. Dirksen, et aL, U.S. Patent No. 5,485.272. 
Issued Jan. 16. 1996; N. A, Riza and M. M. K. Howlader, 'Aoouslo-optic system for 
the generation and control of tunable tow-frequency signals," Opt Eng., 35(4). 920- 

25 925 (1996); (3) use of a single aoousto-optic Bragg cell, see for example. G. E. 
Sommargren, commonly owned U.S. PaL No. 4.684.628, issued Aug. 4. 1987; G. E. 
Sommargren. commonly owned U.S. Pat No. 4.687.958, issued Aug. 18, 1987; P. 
DIricsen. ef aL, Ibid,: (4) use of two tongitudinal modes of a randomly polarized HeNe 
laser, see for exampla. J. B. Ferguson and R. H. Morris, 'Single Mode Collapse in 

30 6328 A HeNe Lasers,' AppTied Optics, 17(18), 2924-2929 (1978): (5) use of 
birefringent elements or the like internal to the laser, see for example, V. Evtuhov and 
A, E. Slegman. 'A "Twisted-Mode" Technique for Obtaining Axially Unifomn Energy 
E>ensity in a Laser Cavity," Applied Optics, 4(1). 142-143 (1965); or the use of the 
systems described in U.S. Pat Application with Serial No. 09/061.928 filed 4/17/98 
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entitled "Apparatus to Transform Two NorvParaDel Propagating Optica) Beam 
Components Into Two Orthogonally Polarized Beam Components^ by H. A. Hifl. the 
contents of which are Incorporated herein by reference. 

The spectftc device used for the source of beam 12 will determine the 

S diameter and divergence of beam 12. For some sources, e.g.. a diode laser, it wil] 
Ckely be necessary to use conventional beam shaping optics, e.g.. a oom«ntional 
microscope objective, to pfDvide beam 12 with a suitable diameter and divergence fbr 
elemants that fbnow. When the soume is a HeNe laser, for example, beanvshaping 
optics may not be retiulred. 

10 Beam 14 Is separated Into Its polarized beam components by polarizing beam 

splitter 16 which transmits p-polartzed component of beam 14 {indicated by the 
vertical arrow) as polarized beam 18 while reflecting its orthogonally, s-polarized 
component to refiector 20 that in turn, directs It to a half-wave plate 24 as s-poiarized 
beam component 22 (indicated by the black circular dot). Beam 22 is converted by 

IS half-wave plate 24 to a p-pdarized beam oomponent 25 thus having the same state of 
polarization as p-polarized beam oomponent 18. 

Both p-pdarized beam components 18 and 25 enter a polarizing beam splitter 
26 having a polarizing beam spatting layer 26 which transmits both for further 
downstream travel. Beam componeint 28 proceeds to a reference mirror 34 via a 

20 quarter^ave plate 30. reflects from the reference minor 34. and in the process of 
traveling back through quarter-wave plate 30 the second time, has its state of 
polarization changed so that it Is now s-polarized again. Aftenrards, beam 
component 25 proceeds to retroreflector 36 from which it is directed to beam splitter 
layer 28. Beam component 25 is reflected from beam splitter layer 26 to travel to 

25 reference mirror 34 again via quarter-wave plate 30; this being its second pass to 
reference minor 34. Upon reflection from reference mirror 34, beam 25 again passes 
through quailer-wave plate 30 to become a p-potarized beam oomponent whereby it 
is transmitted by beam splitter layer 28 to become p-polarized rsferance beam 
component 27. 

30 In similar fashion, p-polarized beam oomponent 18 makes a double pass to 

object mirror 32 and is returned as p-polarized measurement beam component 29. 
Reference beam component 27 and measurement beam component 29 are combined 
fbr travel along the same path as optical beam 41 which contains phase infonnation 
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about the optical path cSfferenoe over \A4iich the reference and measurement beams 
traveled to and from the and ot^ect and reference mirrors, 32 and 34. respectively. 

Optical beam 41 is passed to a detector 42 that converts it to an electrical 
signal 43 that. In turn, is passed to a phase analyzer 44. Phase Infcmiation is 

5 extracted from electrical signal 43 by phase analyzer 44 and is thereafter sent to a 
oompuler 47 that is piogr am med with suitable software oontaining algonthms fiv 
relating the phase infomtation to the physical path length between the reference and 
object minors. Computer 47 also handles general housekeeping functions, serves as 
an operator Interface, and generates output data in graphical and digital fbmiats. It 

10 will be recognized that computer 47 may also perform the phase analysis directly on 
electrfcat signal 43. 

A diagrammatic graphical relationship generated by computer 47 is shown in 
Fig. 2 as curve 46 thai relates DMI phase to physical distance. Curve 46 is shown In 
exaggerated fashion to Ulustrate that it contains undesirable noniineartties having a 

15 periodic charaderistic because of the presence of cydic errors, it will be appreciated 
that, in practice, cuive 46 is typically more complex since it may contain a plurality of 
cyclie errors at once. 

To understand the source of the nonlineatities in curve 46. II is useful to 
analyze power spectnjm of the detector stgnal 43. The Is seen as the curve of Fig. 3 

20 showing amplitude versus frequency. More particularly, ng. 3 shows the square root 
of the power spectmrn of the signal out of the detector 42 where the interferometer is, 
again, a differential plane mirror interferometer (DPMI) as described. 

In Fig. 3, peak 1 is the primary, i.e., the desired peak. Peak 2 Is a half 
harmonic cydic error term and peak 3 is a third harmonic of a half harmonic cydic 

25 enor temn. The amplitudes of peaks 2 and 3 are 4 nm and 2 nm. respectively. The 
next largest amplitude pealts, 4, 5. and 6 are not as s o d ated with subharmonic cyclic 
enors. The amplitudes of peaks 4, 5, and 6 are 1.2 nm, 0.6 nm, and 0.1 nm. 
respedlvely. 

Sources of peaks 4 and 5 are. for example, leakage at the pdartdng beam 

30 splitter 26 in the DPMI and polarization mixing in the source 12. TTie sources of 
peaks 2 and 3 comprise one or more of the sources of the subhamionic cydic errors 
listed hereinabove. The frequency scale is normalized to the f^uist frequency. The 
frequency of peak 4 corresponds to the normalized split frequency 0.4 of the input 
beam and the frequency of peak 5 con-esponds to the nonnallzed Doppler shift 
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ftBquency of 0.1. The frequency of peak 1 is dovm-shifted to a noimafized frequency 

0.3 by the Doppter shift frequency 0.1 from the normalized split frequency at 0.4. 

As will t>e seen hereinafter, peaks 2 and 3 are efiminated by a rotation of the 

interferometer 10 or one or more of its elements by 0.001 radians for a beam diameter 
5 of 5mm, it being urwJerstood that the required smafl angle of rotation or tilt is at least In 

part dependent on the diameter of the Input beam. 

To understand the physical sources for the presence of various cycOc error 

oomponents or subharmonics thereof in the power spectmm of Hg. 3. reference win 

now be made to Figs. 4 through 11 whtoh are diagrammatic illustrations of stage 
to minor dependent cycSc errors that can be present in a high stability plane minor 

interferometer (HSPMI). The amplitudes of stage mirror orientation dependent cydic 

errors are generally the larger of the two types of cydte errors. 

Refemng now to Fig. 4, there is shown a high stability plane mimor 

interferometer (HSPMI) system 50. An input beam 52 is provided In the usual way 
IS with orthogonally polarized beam components with frequencies and /a indicated 

by the dash<iot-dot and short dashed lines, respectively. System SO has as major 

components polarizing beam splitter 54 with polarizing beam splitter layer 56; a 

relroreflector 58; quarter-wave plate 62: reference mirror 64; quarter-wave plate 60; 

moving stage 66 vm attached object mirror 68; and steering wedges 70 and 72, 
20 which may or may not be present but have been Included here fior alignment 

purposes. 

As is usual, the polarized components of input beam 52 are split at the 
polarizing beam splitter layer 56 on the basis of their linear polarization state; one to 
travel twice to the reference minor 64 and one to make a double pass to the object 

25 mirror 88 before being combined to provide the main output beam 74. However. In 
this case, the reference beam after having traveled once to the relroreflector 58 has 
its state of polarization changed slightly, but enough, to partially travel through the 
polarizing beam splitter layer 56 to reflect off the stage minor 68 and be combined as 
a ghost beam 76 as an interfering component in main beam 74, thus becoming a 

30 cydic en^r contributor due to polarization mixing caused by a polariratton shift 
induced by the retroreflector. It will be appreciated that in this figure and those to 
follow that the path of the ghost beams has been greatly exaggerated for purposes of 
explanation but. in practice, actually overlap with the main beam. The subsequent 
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subharmonlc cydc error term appears when the reference mirror surface is opBceDy 
signed with the stage mirror 68 and can have an ampltude from Z5 to 5.0 nm. 

Rg. 5 is similar to Rg. 4 where at) the same compor^ents cany the same 
numerical Identity, as win t)e the case throughout However, the cydic error here 

5 arises because of polarixation mixing due to a slight polarization shift of the object 
beam by the retroreflector 58 to causa ghost beam 78 that mixes with the reference 
and measurement beams at the detector. Again, the subsequent subhamionlc cyclic 
enor temi appears when the reference mirror 64 and ottfed miiror 68 are opticaOy 
aligned and can be from 2.5 to 5.0 nm In ampfituda. 

10 In Fig. 6. a ghost beam 80 is generated as the result of a reflection off surface 

Si of quarter-wave plate 60. The component reflected from surface Si is polarized 
such that it can travel to the ot^ect mirror 68 prior to becoming a component in main 
beam 74. The amplitude of the subsequent ^ctic enw term can be fhun 1.5 to 3.0 
nm. 

IS Fig. 7 is simitar to Rg. 6. except that a ghost beam 82 has as its origins an 

in\M reflection off surface of steering wedge 72. The amplitude of the subsequent 
cydic error term can be from 1.5 to 3.0 nm. 

Rg. 8 b similar to Figs. 6 and 7, except that a ghost beam 84 has as its 
orfgins a reflection from surface Sg of steering wedge 70. Ttte amplitude of the 
20 subsequent cydic error temi can be from 1 ,5 to 3.0 nm. 

In Fig. 9, a ghost beam 86 is generated having as a source a reflection of the 
measurement beam from surface S4 of quarter-wave plate 60. Ttie amplitude of the 
subsequent cydic error term can be from 1 .5 to 3.0 nm. 

In Rg. 10, a ghost beam 88 is generated as the result of a reflection of the 
25 maasurement beam from surtace Ss of steering wedge 72, The amplitude of the 
subsequent cydic enor temi can be from 1.5 (0 3.0 nm. 

In Fig. 11. a ghost beam 90 is generated as the result of a reflection of the 
measurement beam from suifaoe S| of steering wedge 70. The amplitude of the 
sutTsequent cydic error term can be from.1.5 to 3.0 nm. 
30 Reference is now made to Figs. 12 through 15 which illustrate stage mirror 

dependent cydic errors that arise when a reftectir^g surface from the eMt nincr of the 
source laser cavity is optically aligned with a conjugate surface in the interferometer. 
In these figures, the laser cavity exit mfrror is designated as 04. 
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In Ftg. 12. a ghost beam 96 is generated having as a source a reftection of the 
measurement t»am from surface S? of steering wedge 70. The ghost beam here 
makes three passes to the object ffinor 68 and one to the rear surface of the laser 
mirror B4. The subhamMnIc cydlc error tenn can have an ampQliide from 0.6 to 1.2 
5 nm. 

Fig. 13 is similar to Fig. 12 in that a ghost beam 98 is generated as the result 
of the initial reflection of the measurement beam fram surface S* of polarizing beam 
splitter S4. The subharmonic cyclic enor term can have an amplitude from 0.6 to 1.2 
nm. 

10 in Rg. 14, a ghost beam 100 Is generated as the result of an initial reflection 

of the measurement beam from surface Sg of quarter-wave ptate 60. The 
subharmonic cyclic error term can have an amplitude from 0.6 to 1 .2 nm. 

In Fig. 15, a ghost beam 102 is generated as the result of an Initial reflection 
of the measurement beam from surface Sio of polarizing beam spQtter 94. The 

15 subhamwnic cydic enor term can have an ampUtude from 0.6 to 1 .2 nm. 

Rgs. 16 and 17 illustrate the generation of ghost beams due to birefrfngenoe 
in the glass components comprising interferometer system 90. In Rg. 16, a ghost 
beam 104 is generated when the refierence beam has its polarization changed due to 
birefrtngenoe such that part of It travels to the object mirror 68 and back for 

20 combination with the mafn beam 74. Subharmonic cycBc error temis can be from 
approximately 0.5 nnV10 mm path length in empBtude. 

(n Fig. 17, a ghost beam 106 is generated when birefringence causes a 
portion of the measurement beam to travel to the reference mirror 64 and back' for 
oombinatkm in main beam 74. Subharmonic cydic error terms can be finom 

75 approdmately 0.5 nm/10 mm path length In amplitude 

As win be appreciated, it Is important to substantially eliminate or reduce the 
fbregoino potential sources of cydic errors since one or more be present at once, thus 
adding to substantial errors in distance measurement and or assessment of intrinsic 
optical properties. How this may be achieved will be understood by reference to Fig. 

30 18. 

Fig. 18 aiustrates the rotatfen or tilting of various components of Interferometer 
system 10 to reduce or substantially eliminate cydic errors that may othenwse be 
present In signal 43 from detector 42 previousty lUustrated in Fig. 3. As seen In Fig- 
IB. the components indicated by the dotted box 49 have been rotated by a small 
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angle. 6 . of 0.001 iBdians where the diameter of the input beam was Smm. The 
effec* or rotating these interferometer components is shown in Fig. 19 which is a 
power spectrum of amplitude versus frequency of the detector output slgnai similar to 
that of Fig. 3. As is readily apparent from an inspection of the curve of Fig. 19. it Is 

5 seen (hat peaks 2 and 3 have been eliminated as compared with Fig. 3 where they 
were substantia] sources of error, being 4 nmand 2nm. respectively. 

Rotation of the msyorlty of the components comprising interferometer system 
10 as shown In Fig. 18 Is the preHsrrad solution iar substantially eliminating and/or 
reducing cydic errors when tt is not known which ghost beams may be present tn a 

10 system or wttether one mora potential cy^c error sources may be acting In concert 
However, one or more components may be beneTicially rotated when the source of 
the cyclic error can be Identified with a priori knowledge or experimentation. 

Reference is now made to Rg. 20 which shows that, except for stage 66. all of 
the other components of interferometer system 50 have been rotated by a small angle 

15 of 30.001 radians so that any of the previously identified surface pairs cannot be 
paranel to thereby substantially eliminate andtor reduce cydic errors. 

Rg. 21 shows the opposite rotation in interferometer system SO of quarter- 
wave plate 60 with respect to steering wedges 70 and 72 to achieve similar reductions 
in cydic enors as was the case with the rotation mustrated with reference to Fig. 20. 

20 Here again, the angular rotation is = 0.001 radians. 

The major advantages achieved with this inventive approach is to reduce the 
need for more complex etedronics to analyze and provide compensation for cydic 
errors along with a relaxation on the requirements for accuracy. 

The interferometry systems described above can be espedalty useful in 

25 lithography applications used for fabricating targe scale integrated drcutts such as 
computer ch^s and the lllce. Lithography is the key technology driver for the 
semiconductor manufacturing industry. Overlay improvement is one of the five most 
difficult challenges down to and below 100 nm fine widths (design niles). see ftar 
example the Sem/conducfor Industry Roadmap. p82 (1997). Overiay depends directly 

30 on the performance, i.e. accuracy and predsion, of the distance measuring 
interferometers used to position the wafer and retlde (or mask) stages. Since a 
lithography tool may produce S5D-100M/year of produd, the economic value from 
improved performance distance measuring interferometers is substantial. Each 1% 
increase in yield of the lithography tool results in approximately $1M/year eoononnic 
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benefit to 0w integrated droiit manufacturer and substantial competitive advantage to 
the lithography tod vendor. 

The functton of a lithography tool is to direct spatially patterned radiation onto 
a photoresisl-coated wafer The process Involves determining which location of the 

5 wafer is to receive the radiation (alignment) and applying the radiation to the 
photoresist at that locaQon (exposure). 

To property position the wafer, the wafer includes aligntnent maifca on the 
wafer that can be measured by dedcated sensors. The measured positions of the 
aUgnmenl mailcs define the location of the wafer within the tool. This inftamnation. 

10 along with a specification of the desired patterning of the wafer surface, guides the 
alignment of the wafer relative to the spatially patterned radiation. Based on such 
infomnatton. a transtatable stage, such as stage 66 of system SO, supporting the 
photorestst-coated wafer moves the wafer such that the radiation will expose the 
correct location of the wafer. 

IS During exposure, a radiation source IDuminates a patterned reticle, which 

scatters the radiation to produce the spatially patterned radiation. The reticle is also 
referred to as a mask, and these terms are used interchangeably below. In the case 
of reduction lithography, a reduction lens ooOecIs the scattered radiation and forms a 
reduced bnage of the reticle pattern. ARematlvely, in the case of prwdmity printing, 

20 the scallered radiation propagates a SfnaD distance (typically on the order of microns) 
before contacting the wafer to produce a 1:1 image of the reticle pattern. The 
radiation initiates photo-chemical processes In the photoresist that convert the 
radiation pattern into a latent image within the photoresist 

The interfenometry systems described above are important components of the 

25 positioning mechanisms that control the position of the wafer and reticte, end register 
the reticle Image on the wafer. 

In general, the lithography system, also referred to as an exposure system, 
typically includes an illumination system and a wafer positioning system. The 
Illumination system includes e radiation source for providing radiation such as 

30 ultraviolet, visible, x-ray. electron, or ion radiation, and a reticle or mask for imparting 
the pattern to the radiation, thereby generating the spatially patterned radietion. In 
addition, for the case of reduction lithography, the illumination system can include a 
lens assembly for imaging the spatially patterned radiatton onto the wafer. The 
imaged radiation exposes photoresist coated onto the wafer. The llluminatton system 
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also includes a mask stage for supporting the niask and a positioning system for 
adjusting the position of the mask stage relative to the radiation directed through the 
mask. The wafer positioning system Includes a wafer stage for supporting the wafer 
and a positioning system for adjusting the position of the wafer stage relatlvo to the 

5 imaged radiation. Fabrication of integrated circuits can Include multiple ei^ng 
steps. For a geneial reference on Bthography. see, for example. J. R. Sheats and B. 
W. Smilh. in MjcmUttmaotw : SdoncB and Tachnokiav (Marod Dekker. Ina. New 
York. 1998), the oomenls of which are bcorporated herein by reference. 

The bilerferometry systems described above can be used to precisely 

10 measure the positions of each of the wafer stage and mask stage relative to other 
components of the exposure system, such as the lens assembly, radiation source, or 
support structure. In such cases, the interferometry system can be attached to a 
stattonary structure and the measurement object attached to a movable element sudi 
as one of the mask and wafer stages. Alternatively, the situation can be reversed, 

IS with the interferometiy system attached to a movable otijecl and the measurement 
otaject attached to a stationary object 

More generaOy, the Interferomatfy systems can be used to measure the 
positton of any one component of the exposure system relative to any ether 
component of the exposure system in which the Interferometry system Is attached, cr 

20 supported by one of the components and the measurement object is attached, or Is 
supported by the other of the components. 

An example of a lithography scanner 100 using an Interferometiy system 126 
is shown in Fig. 22. The interferometry system Is used to precisely measure the 
position o( a wafer within an exposure system. Here, stage 122 is used to position the 

25 wafer relative to an exposure station. Scanner 100 comprises a frame 102, which 
carries other support structures and vartous components carried on those structures. 
An exposure base 104 has mounted on top of tt a lens housing 106 atop of whkh is 
mounted a reticle or mask stage 1 16 used to support a reticle or mask. A positioning 
system for posiUoning the mask relative to the exposure station is indk»ted 

30 schematically by element 1 1 7. PosHioning system 1 17 can induda, e.g.. piezoelectric 
transducer elements and con^spondlng control electronics. Although, it is not 
included in this described embodiment, one or more of the Interfenametry systems 
described above can also be used to precisely measure the position of the mask 
stage as weQ as other moveable elements whose position must be accurately 
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monitored in processes for fabricating lithographic structures (see supra Sheats and 
Smith MicmmhoarBDhv: Science and Technohov). 

Suspended below exposure base 104 is a support base 113 that carries wafer 
stage 122. Stage 122 includes a plane mirror for reflecting a measurement beam 1S4 

5 directed to the stage by Interferometry system 126. A positioning system for 
positioning stage 122 relative to interferometry system 126 Is indicated schematicaliy 
by element 119. Positioning system 119 can include, e^g:. plezoeleetric transducer 
elements and oonespondtng control electrontes. The measurement beam reflects 
back to the Interfierometry system, which is mounted on exposure base 104. The 

10 Interferometry system can tie any of the embodiments described previously. 

During operation, a radiation beam 110, e.g.. an ultraviotet (UV) beam from a 
UV laser (not shown), passes through a beam shaping optics assembly 112 and 
travels downward after rBflecting from mirror 114. Thereafter, the radiation beam 
passes through a masic (not shown) carried by mask stage 116. The mask (not 

IS shown) is imaged onto a wafer (not shown) on wafer stage 122 via a lens assembly 
108 carried in a lens housing 106. Base 104 and the various components supported 
by It are isolated from environmental vibrations by a damping system depicted by 
spring 120. 

In other embodiments of the lithographic scanner, one or more of the 
20 Interferometry systems described previously can be used to measura distance along 
multiple axes and angles associated for example with, but not limited to, the wafer 
and retide (or mask) stages. Also, rather than a UV laser beam, other beams can be 
used to expose the wafer Including, e.g.. x-iay beams, etectron beams. Ion beams, 
and visible optical beams. 
25 In addition, the lithographic scanner can include a column reference in which 

Interf^metry system 126 directs the rBferenoe beam to lens housing 106 or some 
other stnicture that directs the radiation beam rather than a refsrsnca path internal to 
the interferometry syslera The Interferanoe signal produced by interterometry system 
126 when combining measurement beam 154 reflected from stage 122 and the 
30 reference beam reflected from lens housing 106 indicates changes In the position of 
the stage relative to the radiation t>eam. Furthennore, In other embodiments the 
interferometry system 126 can be positioned to measure changes in the position of 
reticle (or mask) stage 116 or other movable components of the scanner system. 
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Finally, the Interferometiy systems can be used In a similar fashion vwlh lithography 
systems involving steppers. In addition to, or rather than, scanners. 

As is well known In the art lithography is a critical part of manufacturing 
methods for making semiconducting devices. For example, U.S. Patent 5.463,343 

5 outlines steps for such manufacturing methods. These steps are descnbed below 
with refiarenoe to Figs. 23 and 24. Fig. 23 Is a flow chart of the sequence of 
manufacturing a semiconductor device such as a semiconductor chip {e.g. IC or LSI), 
a liquid crystal pane! or a ceo. Step 2S1 is a design process for designing lha drcutt 
of a semioonductor device. Step 252 is a process for manufacturing a mask on the 

10 basis ofthe circuit pattern design. Step 253 is a process for manufacturing a wafer by 
using a material such as slUcon. 

Step 254 is a wafer process which is called a pre-process wherein, by using 
the so prepared mask and wafer, drcuits are formed on the wafer through lithography. 
Step 255 Is an assembling step, which is called a post-process wherein the wafer 

IS processed by step 254 Is fbnned into semioonductor chips. This step includes 
assembBng (didng and bonding) and packaging (chip sealing). Step 256 is an 
inspection step wherein operability check, durability check, and so on of the 
semiconductor devk»s produced by step 255 are carried out With these processes, 
semioonductor devices are finished and they are shipped (step 257). 

20 Fig. 24 is a flow chart showing details of the wafer process. Step 261 is an 

oxidatkjn process for oxidizing the surface of a wafer. Step 262 is a CVD process for 
forming an insulating film on the wafer surface. Step 263 is an electrode fonning 
process for forming electrodes on the wafer by vapor deposition. Step 264 is an ion 
Implanting process for implanting ions to the wafer. Step 265 is a photoresist process 

25 fbr applying a photoresist (photosensitive material) to the wafer. Step 266 Is an 
exposura process fbr printing, by exposure, the circuit pattern of the mask on the 
wafer through the exposure apparatus described above. Step 287 is a devekiping 
process for developing the exposed wafer. Step 268 is an etching process fbr 
removing portions other than the developed photoresist image. Step 269 te a 

30 photoresist separatran process for. separating the ptioforasist material remaining on 
the wafer after being subjected to the etching process. By repeating these processes, 
circuit patterns are formed and superimposed on the wafer. 

The Interferometry systems described above can also be used in other 
applications in which the relative position of an object needs to be measured 
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prBcisaly. For example, in appfications in which a write beam such as a laser, x-ray. 
Ion, or electron beam, martcs a pattern onto a substrate as either the substrate or 
beam moves, the interferometry systems can be used to measure the relative 
movement between the substrate and write beam. 

s As an example, a schematic of a beam writing system 300 is shown in Fig. 25. 

A source 31 0 generates a write beam 312, and a beam focusing assembly 314 directs 
the raffiation beam to a substrate 316 supported by a movable stage 318. To 
detemwie the relative position of the stage, an interferometry system 320 directs a 
reference beam 322 to a minor 324 mounted on beam focusing assembly 314 and a 

10 measurement t»am 326 to a rrarror 328 mounted on stage 318. Interferometry 
system 320 can be any of the interferometry systems described previously. Changes 
in the position measured by the interferometry system correspond to changes in the 
relative position of write beam 312 on substrate 316. Interferon^ry system 320 
sends a measurement signal 332 to controller 330 that is indicative af the relative 

IS position of write beam 312 on substrate 316. Controller 330 sends an output signal 
334 to a base 336 that supports and posttions stage 318. in addition, controller 330 
sends a signal 338 to source 310 to vary the intensity of. or block, write beam 312 so 
that the write beam contacts the substrate with an intensity sufficient to cause 
photophysical or photochemical change only at selected positions of the substrate. 

20 Furthermore, in some embodiments, controller 330 can cause beam focusing 
assembly 314 to scan the write beam over a region of the substrate, e.g., using signal 
344. As a result, controller 330 directs the other components of the system to pattem 
the substrate. The patterning is typically based on an electronic design pattem stored 
In the controller. In some applications the write beam patterns a photoresist coated 

25 on the substrate and In other applications the write beam directly patterns, e.g., 
etches, the substrate. 

An impoftant applicatian of such a system is the f^brtcatlon of maslcs and 
reUdes used In the lithography methods described previously. For example, to 
fabricate a lithography mask an electron beam can be used to pattem a chromium- 

30 coated glass substrate. In such cases where the write beam is an electron beam, the 
beam writing system encloses the electron beam path In a vacuum. Also, in cases 
where the write beam is, e.g., an electron or ion beam, the beam focusing assembly 
includes electric field generators such as quadrapole lenses for focusing and directing 
the charged particles onto the substrate under vacuum. In other cases where the 
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write beam is a radiation boam. e.g., x-fay. UV. or visible radiation, the beam focusing 
assembly Includes corresponding optics for focusing and directing the radiation to the 

substrate. 

Yet other changes may be made to the Invention. For exampte. it may be 
s desirable In certain applications to monitor the refractive index of the gas contained on 
both the rsferenoe and in the measurement legs of the interferometer. Examples 
include the well-laiown column rsferenoe style of intertiBrometer. in which the 
reference leg comprises a target optic placed at one position within a mechanical 
system, and the measurement leg comprises a target optic placed at a different 
10 position within the same mechanical system. Another example application relates to 
the measurement of small angles, for which both the measurement and reference 
beams impinge upon the same target optic but at a small physical offset, thereby 
providing a sensitive measure of the angular orientation of the target optic. These 
an>lications and configurations are wall kncwn to those sKilted in tiie art and the 
IS necessary modifications are intended to be within the scope of the invention. 

Based on the teachings and embodiments described hereinabove, other 
variations of the invention will be apparent to those skQIed in the relevant art and such 
variations are intended to be within the scope of the dalmed invention. 
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What is claimed is: 

1 1. Polarization tnterferometrfc apparatus, said apparatus comprising 

2 interferometer means for receiving at least two beams and provtdlng first and secorvl 

3 measurement legs, separating said two beams for travel along said first and second 

4 measurement legs, respectively, and generating exit beams containing information 

5 about the respective differences in the optical paths each beam experienced in 

6 uaveOng said firet and second measurement legs, said first and second measurement 

7 legs having optical paths stnjctured and arranged such that at least one of them has a 

8 variable physical length, the optical path length difference between said first and 

9 second measurement legs varying In accordance with the difference tietween the 

10 respective physical lengths of their optical paths and wtiereln at least one of said first 

1 1 and second measuremerl legs comprises selectively tilled elements for substantially 

12 eliminating and reducing subhannonic cydic error contributions that may otherwise 

13 overlap and interfere with interfering components in said exit beams. 

1 2. The poiarfzation irrterferometrlc apparatus of daim 1 further Including 

2 means for combining said exit beams to produce mbied optical signals containing 

3 infonnation comesponding to the phase diffierences between each of said exit beams 

4 from corresponding ones of said predetermined optical paths of said first and second 

5 measurement legs. 

1 3. The polarization interferometric apparatus of daim 2 further including 

2 means for detecting said mixed optical signals and generating electrical interference 

3 Signals containing mfomation coiresponding to difference in physical path lengths of 

4 said measurement tegs and their relative rate of change. 

t 4. The polarization interferometric apparatus of daim 3 further induding 

2 etectronic means for analyzing said elecbical interference signals. 

1 5. The polarization interferometric apparatus of daim 1 wherein said 

2 interferometer means comprises at least one polarizing beam splitter for separating 

3 orthogonally polarized beams for travel along corresponding ones of said first and 

4 second measurement tegs. 
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1 6. The pc^rlzation intefleromstric apparatus of daim 1 wherein said 

2 Interferometer means comprises at least one plane mirror In one of said measurement 

3 legs. 

1 7. The polarization intarferometric apparatus of daim 1 wherein said beams 

2 travel along a coextensive path. 

8. The polarization biterferomelric apparatus of daim 1 comprising a pluraDty 
of optical components including a polarizing beam splitter having a plurafity of faces, a 
first fixed plane mirror arranged substantiaUy parallel to one of said faces, a first 
quarter-wave plate located intermediate said first plane mirror and said one face, a 
secorxJ movable plane mirror arranged substantially parallel to another of said faces, 
a moveable stage carrying a plane obiect mirror, said plurality of optical components 
other than stage and plane object mirror being tilted by a small angle with respect to 
said stage and plane objed mfrror. 

9. The polarization interferometrlG apparatus of daim 8 wherein said 
interferometer b arranged so that said orthogonally polarized beams make a- double 
pass therethrough. 



1 10. The polarization tnterferometilc apparatus of daim 1 further Induding a 

2 mlcrolithographic means operatively assodated with said polarization interferometric 

3 apparatus for fabricating wafers, said microiithographic means comprising: 

4 at least one stage for supporting a wafer 

s an illumination system for Imaging spatially patterned radiation onto the wafer. 

6 and 

7 a positioning system for adiusHng the position of said at least one stage 

8 relative to the imaged radiation; 

9 vi/herein said polarization Interferometric apparatus is adapted to measure the 

10 position of the wafer relative to the Imaged radiation. 

1 11. The polarization interfierometfic apparatus of claim 1 further Induding a 

2 microiithographic means operatively associated with said polarization Interferometric 
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3 apparatus for use In fabricating Integrated circuils on a wafer, sad microlithographic 

4 means compiising: 

5 at least one stage for supporting a wafer. 

6 an Ufumination system including a radiation source, a mask, a positioning 

7 system, a lens assembly, and predetemilned portions of said polarization 

8 inteiferometric apparatus, 

9 said microOthograpNc means being operative such that the source directs 

10 radiation through said mask to produce spatially patterned radiatkin. sakl positioning 

1 1 system adjusts the position of saM mask relativB to radiation from said source, said 

12 tens assembly images said spatially patterned radiation onto the walisr. and sakl 

13 polarization interferometric apparatus measures the position ofsaM mask relative to 

14 said radiation from said source. 

1 12. TTie polarizatkm interferometric apparatus of claim 1 further including 

2 mlcrolithograpHc apparatus operaUvely associated with said polarizatton 

3 Interfbremetric apparatus fbr fabricating integrated drouits comprising first and second 

4 components, said first and second components being moveabte relative to one 
s another and said polarization interferometric apparatus. saM first and second 

6 components being connected with said first and second measurement legs. 

7 respectively, moving In concert therewith, such that said polarization Interferometric 

8 apparatus measures the position of said first component relative to said second 

9 component. 

13. The pdartzatton interferometric apparatus of claim 1 further including a 
beam writing system operatively associated with said polarization interferometric 
apparatus for use in fabricating a lithography mask, said beam writing system 
comprising: 

a source for providing a write beam to pattern a substrate; 
at least one stage for si^porting a substrate; 

a beam directing assembly for delivering said write beam to the substrate; and 
a positioning system for positioning said at least one stage and sakl beam 

directing asserr^bly relative to one another. 

sakl polarizatton interferometric apparatus being adapted to measure the 

posltkxi of saM at least one stage relative to said beam directing assembly. 
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